Neurotransmission and transmembranc signaling are among the cellular mechanisms affected in the aging nervous system. In the inner ear, the phosphoinositide second messenger cascade is of particular interest as a target of the aging process. In both the cochlear (CSE) and vestibular sensory epithelia (VSE), the hydrolysis of phosphatidylinositol 45bisphosphate (PtdInsP,) to the second messenger inositol 1,4,5trisphosphate (InsP,) is coupled to muscarinic cholinergic and P?, purinergic receptors and may be linked to calcium homeostasis.
months) and aged (24 months) Fischer-344 rats. In the aged rat, there was a significant increase in [ "Hlinositol incorporation (per mass of protein) into PtdInsPs plus InsPs in both sensory epithelia while the protein content remained unchanged.
In contrast, no age-dependent differences wet-c found when pre-labeled [3H]PtdInsPs were 'chased' with non-radiolabelcd myo-inositol indicating that the turnover of these lipids was unaffected. The cholinergic receptor agonist carbamylcholinc and the P, purinergic rcccptor agonist adenosine 5'-0-(3thiotriphosphate) stimulated the release of ['H]InsPs two-to six-fold in both organs. This agonist-stimulated release of ['H]InsPs (per mass of protein) was significantly higher in aged animals. However, when the same stimulation was expressed as per cent of control values, there was no age-dependent difference. Finally, the concentration of cndogcnous myo-inositol decreased by 44% in the aged CSE and by 24 % in the aged VSE. In contrast, levels of added myo-[3H]inositol wcrc higher in aged tissues. These results suggest that the increased labeling of PtdInsPs and InsPs in the aged CSE and VSE is a consequence of the increased specific radioactivity of the myo-['H]inositol precursor pool. The activity of the phosphoinositide second messenger pathway thus appears unchanged. However, a decrcascd myo-inositol content may contribute to age-dependent pathology in these tissues. myo-Inositol is an organic osmolyte and volume regulator. Changes in osmotic pressure or turgor of hair cells could alter micromechanical coupling on the basilar mcmbranc and vestibular epithelium causing pathophysiological changes in sensory transduction.
Introduction
Age-related decreases in hearing sensitivity and increased incidence of equilibrium dysfunction are well documented in the human (Schuknecht, 1974; Oosterveld, 1983 ) and in experimental animals (Willott, 1991, for review) . In both the cochlea and vestibule, one prominent morphological change during aging is the gradual loss of hair cells. In the cochlea, hair cells are characteristically lost at one or both extremes of the organ of Corti, with a higher susceptibility of the outer hair cells in most species. However. physiological determinations of sensory deficits frequently do not correspond to hair cell pathology, suggesting that more subtle changes in cell function may underlie some of the age-related dysfunctions. Neurotransmitter mechanisms and intracellular homeostasis and regulation are among the metabolic processes affected in the aging nervous system (Gibson and Peterson, 1987; Barritt, 19X7; for review) . Signal transduction may be a specific target and in particular, the inositol 1,4,5_trisphosphate (InsP,) second messenger system. InsP, is produced by the receptor-mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate (PtdInsP,) in response to neurotransmitters and hor-manes (Henzi and MacDermott, 1992 : Berridge, 1993 : Irvine, 1993 ; for review). It serves to elevate intraccllular calcium which, in turn, plays a central role in cell physiology by controlling a diversity of biochemical events ranging from metabolic regulation to cell death. Aging affects the InsP, second messenger system in various organs, including brain (Crews et al., 1986 : Nalepa et al., 1989 Burnett et al., 199Oa,b; Joseph et al., 1990; Mundy et al., 1991; Ohnuki and Nomura, 1991; Kurian et al., 1992; Undie and Friedman. lY92) . pineal gland (Tandon et al., 1991; Laitinen et al., 1992) , pituitary gland (Bonnetti et al., 19871, liver (Borst and Scarpace, 1990), heart (Miyamoto and Ohshika, 1989; Moscona-Amir et al., 1989) , parotid gland (Ishikawa et al., 19881, tracheal smooth muscle (WillisKarp, 1991) . granulocyte (Fulop et al., 1989) and platelets (Bastyr et al.. 1990 ).
In addition to being a precursor of the phosphoinositides, myo-inositol is an important factor in cell growth and maintenance. Nutritional deficits or decreases in its tissue content have been implicated in pathological processes leading to inadequate growth and even cell death (see review by Wells, 1989) . At the cellular level, myo-inositol acts as a major osmoregulator in the kidney (Garcia-Perez and Burg, 1990) and in other tissues including brain (Paredes et al., 1992) . In the aged human brain, myo-inositol is decreased to half the level in young brain (Stokes et al., 1983) .
In the cochlear (CSE) and vestibular sensory epithelia (VSE) of guinea pig and rat the InsP, second messenger system is coupled to muscarinic and purinergic PZy receptors (Guiramand et al., 1990; Niedzielski and Schacht, 1991, 1992; Niedzielski et al.. 1992; Ogawa and Schacht, 1993a) and may thus be linked to neurotransmission and modulation. Nothing is known about the possible role of myo-inositol in cochlear or vestibular osmoregulation. In this study, we compared the activity of the phosphoinositide second messenger system and the concentrations of rnyo-inositol in the CSE and VSE of 3-month-old and 24-month-old Fischer-344 rats. Around 24 months of age, rats show electrophysiological changes in the auditory periphery such as elevation of thresholds to clicks and tone pips (Cooper et al., 1990; Simpson et al., 1985) . Some of these results have been presented in a preliminary report (Ogawa and Schacht, 1993b 
Tissue preparation
Rats were decapitated, the otic capsules quickly removed from the temporal bone and placed in incubation buffer (see below) at room temperature. The otic capsule was opened and the sensory epithelia were removed by microdissection and kept in the incubation buffer. The tissue defined here as 'cochlear sensory epithelium' (CSE) consisted of inner and outer hair cells, supporting cells, basilar membrane and the lateral part of the spiral limbus; the 'vestibular sensory epithelium' (VSE) contained macula utriculi, macula sacculi and cristae ampullares from the semicircular canals. The incubation buffer was HBSS (137.9 mM NaCI, 5 mM KCI, 1.3 mM CaCl,, 0.3 mM KH,PO,, 5 mM MgCl,, 0.4 mM MgSO,, 0.3 mM NaH2P0,, 5.6 mM D-glucose) with 5 mM sodium N-2_Hydroxyethyl-piperazine-N"-2-ethanesulfonic acid (HEPES). It was gassed with 95% 0,/5% COZ for 30 min, its pH titrated to 7.4 f 0.01 with NaOH and then its osmolality adjusted to 300 f 2 mOsm with NaC'I.
Labeling of inositol phospholipids and release oj inositol phosphates
Methods for radioactive labeling of phosphoinositides and the separation of inositol phosphates (1nsP.s) were essentially as previously reported (Niedzielski and Schacht, 1991; Ogawa and Schacht, 1993a) . Tissues were placed in 50 ~1 of incubation buffer with 1 mM cytidine and 16 PCi myo-["Hlinositol for 2 h at 37°C. myo-["Hlinositol was removed by two washes (0.5 ml each) with buffer free of radioactivity. Jncubation continued for 10 min in 90 ~1 of buffer with 10 mM LiCl. Finally, agonists were added in 10 ~1 of buffer to yield concentrations of 1 mM carbamylcholine (CCh) or 200 PM adenosine 5'-O-(3-thiotriphosphate) (ATP-y-S) and the incubation was continued for 30 min. The duration of the incubation assured optimal labeling and viability of the tissues (Niedzielski and Schacht, 1991; Niedzielski et al., 1992) . Phosphoinositide hydrolysis was terminated with 300 ~1 of chloroform/methanol (1 : 2 by vol). One hundred ~1 of phytic acid hydrolysate (prepared by heating 4 mg phytic acid in 1 ml of 30 mM acetic acid/65 mM sodium acetate for 48 h at 95°C. quenching with 20 ~1 of 1N NaOH and diluting 1: 100 with H,O) and 200 ~1 of bovine brain extract in chloroform (0.2 mg of Sigma type IV/ml) were added as carriers to reduce loss of labeled InsPs and lipids during their isolation.
The aqueous and chloroform phases were separated by centrifugation.
One hundred PI of the chloroform phase were dried down before radioactivity in ph~~sphoinositide lipids was determined by liquid scintillation counting. InsPs in the aqueous phase were separated from myo-inositol after Berridge et al. (1983) and Dean and Beaven (1989) with minor modifications.
Two hundred ~1 of sample were diluted to 1.5 ml with distilled water and passed over Dowex-1 formate (cross-linkage 8%. mesh size 2~~1-400; column, 25 X 5 mm). The column was first washed with 8 ml of 5 mM myo-inositol. by regenerating with 10 ml of I M sodium formate in 0.1 M formic acid and 10 ml of distilled water.
The hydrolysis of phosphoinositides was measured in a 'chase' experiment.
Tissues were labeled for 3 h with ~yo-[~Hlinositol as described above, washed and further incubated with 1 mM non-radioactive myo-inositol at 37°C. After termination of the reaction, the chloroform phase was washed with 500 ~1 of 2.4 N HCI and an aliquot counted for radioactivity.
The remainder of the chloroform phase was dried under N, and stored at -20°C until the thin layer chromatographic by a guard column with pellicular Cl8 packing. A linear gradient from 10% methanol/ 9Or/ aqueous acetic acid. pH 3.4, to 100% methanol was applied in 30 min. followed by a IO-min hold at 100% methanol and a IO-min reverse gradient to the starting conditions.
Because of its multiple functional groups, the derivatization resulted in several peaks for boo-inositol which were detected with a FDl00 filter fl uorimeter (GTI/SpectroVision, Concord, MA) using a 331) nm excitation filter and a 400 nm cut-off emission filter. The earliest eiuting nzyo-inositol peak was used for quantification by peak height. calibrated against a myo-inositol standard.
Other procedures
Protein was determined after Bradford (1976) using bovine serum albumin as a standard. Results are reported as means + SD. Statistical significance of differences between young and aged tissues was tested using two-tailed paired Student's t-test.
The care and use of animals reported in this study were reviewed under grants DC-00078 and AG-08885, and approved by the University of Michigan Unit on Laboratory Animal Medicine.
Results

Receptor-mediated release of myo-inositot phosphates
In the CSE, basal unstimulated release of [3H]InsPs was 4184 t_ 590 dpm/pg protein in young (3 months old) and 6826 + 1596 dpm/pg protein in aged rats (24 months oId). In the VSE, a similar increase with age was seen: total InsPs were 4690 i 810 dpm/pg protein and 6489 rf: 1818 dpm/pg protein in young and aged rats, respectively (Table 1) . A trend towards age-dependent increases was also evident in the radioactivi~ of individual InsPs in both the CSE and VSE (Fig. 1) .
CCh stimulated the release of InsPs approximately 2-fold, and ATPy-S 5-to 7-fold. Both agonists released more E3H]InsPs (per pg protein) in both the aged CSE and VSE (Table 1) . This trend was also seen in individual InsPs (Fig. 1). 
Phospholipid labeling and hydrolysis
Incorporation of myo-[ 3H]inositoi (expressed as radioactivity per pg protein) into phosphoinositide lipids, precursors of InsPs, was also increased significantly by age in both the CSE and VSE (Table 21 . Radioactivity was primarily found in PtdIns; the polyphosphoinositides, PtdInsP and PtdInsP,, represented about 10% of the total ["Hlinositol lipids. There were no age-related changes in the distribution of radioactivity among the phosphoinositides.
This pattern was similar between the CSE and VSE and between young and old rats.
The rate of hydrolysis of phosphoinositides was determined by incubating prelabeled lipids with excess non-radioactive myo-inositol. Radioactivity in all three phosphoinositides decreased by 40% to 50% during the chase period. There was, however, no significant difference in the rate of hydrolysis with age in any of the lipids in either the CSE and VSE (Fig. 2) . Each figure is the mean f SD of 6 independent experiments. Statistical significance of differences between young and aged tissues was dete~ined by paired Student's f-test t* 0.01 < P < 0.05; * * P i 0.01).
Tissue concentration and uptake of myo-inositol
The myo-inositol content was 314 ir: 96 and 175 + 28 pmol/pg protein in young and aged CSE, respectively, representing a significant 44% decrease with age. In the VSE, myo-inositol content was decreased by 24% in aged rats from 110 f 27 to 84 & 8 pmol/pg protein.
In contrast to the endogenous myo-inositot content, the added m~o-[3~]inositol reached signif~antly higher concentrations in the aged tissues (Table 3) . 
Protein content and normalization of data
The protein content of the CSE and WE remained unchanged with age (10.6 + 3.1 kg and 10.3 f 2.3 bg in young and aged CSE; 13.4 f 4.6 pg and 11.7 k 3.2 pg in young and aged VSE) providing a basis for normalizing the radiolabeling and comparing results from different experiments as shown above. This normalization 
Discussion
Incorporation of myo-[ 3H]inositol into phosphoinositides and InsPs was significantly enhanced in both the CSE and VSE of 24-month-old rats. Concomitantly, the carbamylcholine-and ATP-stimulated release of [3H]InsPs increased. Since the amount of protein recovered from young and old inner ears remained unchanged, this increase of myo-[3Hlinositol incorporation is not caused by loss of tissue or by age-related decreases in protein content of these organs.
An accelerated turnover of phosphoinositides or enhanced responsiveness to hormonal stimulation could lead to the observed effects. Alternately, changes in the specific radioactivity of the precursor pool of myo-[3H]inositol could be reflected in the radiolabeling of lipids and InsPs. The sum of the experimental evidence suggests that the latter mechanism may account for the results. While the amount of radioactivity is higher in the lipids and InsPs of aged tissues, the rate of their formation and their turnover does not seem to be affected. This becomes evident when radioactivity in the products (lipids and InsPs) is compared to radioactivity in the corresponding precursors (myo-inositol and PtdInsPs). On this basis, there is no difference between young and aged animals. Supporting this notion is the fact that hydrolysis of PtdInsPs remains unchanged, as measured directly in the 'chase' experiment. Furthermore, agonist-stimulated InsPs release is of the same magnitude (percent stimulation) in aged CSE and VSE. Thus, there appear tit 1~. IIO CIMII~C~ with aging in phosphoinositide turnover and coupling of cholinergic and purinergic receptors 10 phospholipase C and the formation of 1nsPs. This finding is also compatible with the absence of differences in the levels of the efferent neurotransmitter acetylcholine between 3-, 12-and 24-month-old rats (Hoffman et al., 1988) . The lack of an effect in the inner ear and the fact that both age-dependent increases and decreases of receptor-mediated InsPs release have been observed in other tissues (see references in the introduction) indicate a high degree of complexity of aging effects on the InsP, second messenger system.
In the synthesis of phosphoinositideb, free intracetlular aye-inositol is incorporated into PtdIns via a reaction with CDP-diglyceride. PtdIns may then be phosphorylated stepwise to PtdInsP and PtdInsP,. InsP,, derived by the hydrolysis of PtdInsP,, is eventually dephospho~lated to yield free ~?zy~-inosit~~l (Majerus, 1992) . Two mechanisms maintain cellular myo-inositol levels: (1) de novo synthesis from glucose &phosphate catalyzed by myo-inositol I-phosphate synthase; and (2) uptake of circulating myo-inositol via a non-saturable, energy-independent process, or a saturable, NaC-dependent process (Sherman, 1989, for review). The relative contributions of these pathways in the inner ear are not known.
The significant decrease in the myo-inositol concentration suggests an age-dependent inability to maintain the endogenous myo-inositol pool. Although the mechanisms underlying this decrease remain to be established, the fact that myo-inositol content in aged human brain is half the level in young brain (Stokes et al., 1983 ) corresponds with our observations. Furthermore, tissue levels of the added myo-['Hlinositol were higher in aged CSE and VSE. While this may suggest changes in an active transport mechanism, it may also reflect an altered equilibrium due to lower endogenous myo-inositol. In any case, a decreased myo-inositol content coupled with increased uptake of rnyct-[ "Hlinositol would result in a precursor pool of higher specific radioactivity and consequently, in higher radioactivity in lipids and InsPs.
Depletion of cellular myo-inositol may in itself induce pathological changes. The participation of myoinositol in osmoregulation and volume control is particularly interesting in the context of inner ear dysfunction. The role of outer hair cells as modulators of the transduction process may be intimately linked to proper maintenance of their intracellular pressure. The cytoplasm of outer hair cells is hyperosmot~c but the responsible osmotic agent is unknown (Brownell, 1990) . Turgor in these cells in part sustains their shape and their coupling to micromechanical events on the basilar membrane, Loss in turgor is associated with diminished electromotility (Brownell and Shehata, 1990) which in turn may compromise tuning and sensitivity in the auditory periphery.
Slow shape changes in response to elevation of intracellular calcium may also depend on intracellular pressure (Dulon et al., 1990) . The role of turgor in cells of the VSE is not known but we can speculate that proper function of the vestibular apparatus also requires intact mechanisms of pressure homeostasis.
If myo-inositol participates as an organic osmolyte in the maintenance of hair cell turgor, then its depletion should result in the subtle pathophysiological changes that are observed in aging animals.
In summary, myo-inositol metabolism is crucial for cell physiology as a constituent of volume-regulating and second messenger systems. The decreased myo-inositol content in aged rats suggests impaired myo-inositol synthesis or uptake, possibly compromising osmoregulation in the sensory epithelia. It remains open whether the limited availability of myo-inositol additionally leads to compensatory mechanisms of lipid metabolism and transmembrane signaling. Such changes would presently be masked by the differences in the myo-inositol precursor pool. Further study will be needed to establish the effects of aging on the molecular mechanisms regulating hair cel1 turgor, calcium homeostasis and motility in CSE and VSE.
